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RFSPONSE OF METALLIC GLASSES FEQONi40P14 6 AND

FeaoB20

TO IRRADIATION WITH BOO Mev PROTUNS*

J. R. Cost and W. F. Sommer
Los Alamos National Laboratory
Los Alamos, NM B7545

Metallic glasses with compositions of Fe, Ni
80N MeV proton team at the Los Alames MP\ n
sistance and length chanaes were monitored.

and ¥ were irradiated in the

ﬂnv icé Facllifo ahIIe the electrical re-
The resistance and the lenath of th

first alloy were both fouond te increase and saturate with dose lo ‘R/P - 5 x 10‘S and

AL - 2x107?

For the secona alloy the total dose of 1.1 «x 11!

~

p/em?, which was

calculated to ﬂive roughly 0.12 dpra, was sliyh:ly less than that required for sat-

uration.
ature to 250°C.

No annealing of trhese increases was observed for anneals fror room temper-
These results are interpreted in terms of a model! in which Zollision

cascades create srall reqgions of increased atomic disorder which fully overlap each

other at saturation,

INTRODUCTION

The newly developed class o, malerials known as
metallic glasses or amorphous metals have
special properties which give them potential
for terhnological anjlications,  lor 1nstamee,
it has been proposed that because of the:r
amorphous structurce these materials wil)] tend
to be resistant to dugage 1u radiation environ-
ments and thus rould be usetul an frs=mron and
furion reactor technulogies.

There heve bhoepn relataively fevw iavertigat ione

of the respousne of prtallac glarses to various
kinds of 1rradiation, and to date no written
review of these studien exists It wa» orag-
inally considered that 1n the pre-irradiated
state the stomic structure of an anesphous

wetal prepared by liuid quenchung vas su near-
ly random that the raundomiziop atonac dhispiace-
wents and rearranpemeats resullaing troam partid]e
irradiation would net tend to chapge the strucs
ture and properties
et a) [1,2) and others [ ,4] hus shown that
frradiation can ause papmrfacant chappes tao
both the structure and the properties.  From
these resultr 1tk deduced that arradiation e
actually causing an 1ncrease in the ator
disorder over and sbove the non=reandemness 1o
the pre-irradieted Liquid-quenached ntate,

The present status s that there are stsll
important questions to be anpwered concerning
the magmtude and nature of rrradiation erflects,
Ir additaon, mime 2il hat one |4) ol thh pre-
vious anvertagatyont have bern limited to wras-
uremcnts hetore and after (an oppored to dur-
ing) the srradiation, 1t 18 destrable to
detrimine Lthe rate abt which property changer
occul by making in nitu meannrements of arrady-
stion riftecta, The puipune of thir study as to
make auch 1 ity meanurement: of electaical
resantance and length change ot two mrtallic

iWork supportes hy Us Depariment of bnergy

ihe recent work of Llljott,

glasses, ke and Fe e during
lrr!dllllnnAHIll 368 Q|V prulﬁ“h 0 These two
alloys were chosen becquse they were comneroial -
ly available in ribbon form suitausle for thas
experiment and because their properties were
wel) characterized by prior anvestigat 1o,
Proton irradhiation was cheken becanse of the
availabahaty of the Lox Alumus Meson Phy:as
Facility (LAMIT) proton artahiation=tucilaty
and because Lhe penetratang power of the KOO
MeV proton bedam allowed samultancous rrrad;a-
tion of weveral samples.

EXPLRIMENTAL METHOD

Severa]l daffecrent sets of pamples were trradi-
atrd at duifferent dates for grradiation periods
of from ene to ten days, Both metal e

glass alleoys were obtained as spon] unund b

bon from Allied Chemical Co. The Fe, ll .
ribbon was 1.8 om x 0.06] mm 10 cross \ln\l-ﬁ
and thr }be _“I, wis 1.0 mm x 0.0 mm. ‘everal

samples 8 m Tong of each alloy were mounted
hurizontally at various positions in a Specrmen
holder wath the tabbon surtace perpendioriar Lo
the beam. They were caretully aligned se that
the proton beam would pass thiough them sequent -
1ally and essentaally undegiaded o eneepy |4
Calculations o1 the decrease 1o beam due to ml-
taple scattering showed roughly o 6 decreane
between ruccezxive samples [ol.

The shape of the proton heam for the srradiaton
was approximatels clliptical with o distorbution
in the vertical and horszontal directjons whindls
war clone Lo Ganrsran, The tull width at halte
manimum of thir Gaustran wvas roughls 172 me oand
6.0 mm for the horizontal and the vertical direg-
tions, respectavely, With thi: geonwetry Vhe

ul the rample length over cich
the remistunce mearutenentn wete e was
radiated selatavely uniformly with a decerane

of less than 2O f maimnm jutennity at the

end partions along the length of the sample

and negligible variation aceons the thichness.




The beam current during the various arradi-
ations varied from 1 to B pamps; however, dur-
ing a typical 12-hour period, it was usually
held constant within 10%. At times not under
experimental centrol the beam was shut off
complctely for sne minute to several hours.
The maximum time-averaged beam flux to the
sample for the l!plCﬂ] branlﬁurrcnk of 6 pamps
was 5.2 pamps/cm” (3.2 x 107 p/cm-sec).
Based upon best estimates of the damage energy
cross cection [7] and the threshold displace-
ment encrgy [B8] for these alloys, this proton
fluy was calculated to produce roughly 6.2 x
10 dpa/hour,

Saaples were irradiated in air at ambient
temperature (v~ 30°C) in a closed target box;
however, there was sample heating due to the
beam This wae roughly 5°C/pamp and 1.6°C/pamp
for the Fe, Ni, P ., I, and Fe B samples, re-
apectively. He?guéz ths hra??naovnriLd with
the beam current for each irradiation, the
resistance and the length change measurements
were corrected to a constant beam current us-
ing Ecasured temperature variation constants.
Tuce specimen holder was mounted on o motor
driven elevator platform that allewed the
samples to be remotely raised or lowered in or
out of the proton beam. This allowed the anneal-
ing behavior to be investigated at various

times during the irradiataion,

Conventional 4=lead resistance measurement s
were made on the samples and o standard resist-
ance using a megsuring curcent of 100 ailliamp.
Thia current was reversed tor each measurenent
to correct for thermal emi's.  The emf{ Jeads,
which were of the same material as the sample,
vore apot=welded 10 mm apart so that this por-
tion was 1n the center of the beam. Resistanee
Beasurgments were made with o 1eproducaibilaty
of 10 uhm; however, the uncertainty due to
variations 3ju specimen temperature was greater
than this by at leant an ovder of magnitude.
The length chauge measurements were pade using
a Lincar variable differential transtormer
(LVDT) wath the core attached to one end of
the sample and spriing Toaded to be Lightly in
tension.  The INDT sapnal war amplifaed, and
vith the emt's tor the ienastance, wax owras=
ured, analyzed and stoned at periodic anter-
vals using an automated data procesing stataion,
Typitally cach datum point was obtained trom
the averaging of tuenty emf medsuiements.

RES'JLTS

Fig. 1 and Fig. 2 shiow the results of the
change of resistamee with time during the same
frradiat,on of the Iv,‘Nl. P, oand the
Fe_ KA. alloys, rrspv?inv??v!“ P addicron

80 N '
shown" st the bottom of the figures an the
position of the sample 1n o1 out of the beam.
Both frpuies show twe different kinds of data,
lover rermistance sesults 1oy the xample at
smbient temperature bevanne the heam s ofl o
the sample a6 semoved foem the beam and hiphey
repiatance resulta wath the rample 2t ahove

ambient temperature due to beam heating. The
sample resistances at above ambient temperature
have been corrected for variations of the bzam
current from the nominal value for this irra-
diation of 6 pamps. Basrd upon our measured
values of 1/R dR/dT for amorphous Fe oNi PMB6
alloy and literature values for Ffﬂoﬁ"olé?‘

the resistance differences between ambient
temperature (beam off or out of beam) and

above ambient indicate that the 6 pamp heam
caused the two samples to be respectively,

35°C and 10°C above ambient. The greater tem-
peraturc ahove ambicnt for the FebuNihoP 456
sample wvas because it was more massive, ﬂav;ng
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Electrical resistance vs time for a

Fo, M1 )P 4. alloy irradiated in a 6 :.amp
bea of'ﬂhb ﬁov protons. The upper set of
data points are for the sample in the beam
and thus heated to above arbient terperature,
while the lower set are eithor with the bheas
off or out of the beam and thus are at ambient
tenperature.
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Same irvadiation as in Fig. 1 but for o

'"llﬂ“:’() alloy.



roughly three times the cross sectional arca

of the Fe ”nq sample, Also, because the
former sanple was at higher temperature an the
proton beam, it had wider short-time temper-
ature varjations due t2 variable convective
cooling during irradiation and thus showed more
fractiona) scatter in the as-irradiated resist-
ance values.

As can be seen from the data for both ambient
temperature and above ambient, each of the two
metallic glasses shows an increase in resist-
ance with irradiation. The FekoNl Pl B

alloy exhibits an increase of rougﬁ?y 8.92

(A p=1.2 g-cp) up to an irradiation time of
roughtly 2 x 10° sec (56 hours). The aver~ge
proton flux during this time (corrected for
sample out of belnlind foi the shape of the
beam) was 2.1 x 10°° p/cm“-sec. Thus thiB
fluegce at saturation was roughly 4 x 10
p/em”. In addition to the above, it may be
observed that this alloy does not show appre-
iable anncaling effects at room temprrature
vhen removed {rom the beam, r.g., the resist-
snce remained constant when the sample was
withdrawa from the beam at various times
during the ir;adlulion and at the end of the
run (5.8 x 10" sec).

The resistance of the Fe . B, . alloy, on

the other hand, did not zatiirate during this
irradiation, althkough the shape of the curve
indicates that it iz approaching saturation.

It showed roughly a 1.0% incregse (Ap =

2.6 f1-cm) during the 5.9 % 10’ sec nflérradi;
ationu which gave a fluence of 1.1 x 1077 p/em”.
This amounts 1o a rrsig*évily 1INCrgase per unit
of fluence of 2.4 x 10 u-ca/ca” ”"!YH may
be conpaicd wilh the value of 3.0 x 10
Mi=cm/cm” for Lhe results 1n Fi1g. 1 for the
r'ao"‘aoPlans allaoy.

The annealing results when the samples were
lowered out of the bear are not appreciably
different for the two alloys. The migmticant
finding is that the irradiction-induced con-
tribution to the resintance was stabic at room
temperature. This was determined to be true
for longer periodns of time than indicated,
i.e., after 'wo weeks at room temperature, the
resjistance wvar atill unchanged. Also, 1L wan
true for anncaling at up to 2M0°C for 3 hourns
done in situ uning Joule heating of the

F060N| n? WM sapple. The small decrease

in resistance an Fig. 2 for the Fe “H,“ sample,
vhich occurs roughly over the llrar hoir after
moving the wumplen from the heam, war d terained
Lo be 8 transient due to decreaning sample
temperature as the ambient temperature an the
target hox surrounding the samples deceraned
(by roughly 1°C) to room temperature aften

the bean heating was stopped, The effrcts

of this transirnt were obscured by the erver

of the measurement tor the nluer alloy.

In Fig. 3 are shown the length change re-
sults for the lrﬁoﬂl‘urlbnb alloy for a subse-
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Length change vs time of a Fe Ni4 P1 ]
alloy irradiated in a 2 ;.amp ggam gf AOB
MeV protens with the sample in and out of
the beam as indicated.

quent irradiation to the one in Figs. 1 and 2.*
The proton beam current for this irradiation
was 2 pampre: with the sample again moved an andd
out of the beam as indicated in the lower por-
tion of the [igure. A'so, as indicated in the
figure, during the middle of this irradiation
the beam was off for 17 hours, In arder to
tancel the length chauge effects ol varialae
beam heating of the sample, the length change
resultx wvhich are reported are dafterential
mcasurements with respect to an aluminum wire
sample which was also an the beam. It was
determined in this and previous arradiations
that aluminum and platinur dia not show irradi-
ation=induced length changen, at least within
the experimental error of the me: surement,

The length change results appear to e sim-
ilar to Lhe esistance results fur this alloy.
The inpreane in lenpth saturvates after roughly
2 x 10° sec. Thin is sumewhat unexpected
since it is roughly one-third the saturation
fluence in Fige. | and 2. The magnmitude of the
leng[q increage at xaturation s AL/L ~ 2

x 10 7. As wilh the remistance measurement s
there was no apparent annecaling effect on the
length change other than a khort transient

dur to drecereaned beam heating when the heam
wvaz off or the rample was lowered oul of

the lFeam.

*lnfortunately, the length change measuiements
made during some of the earlier yaradiations
were found to e anvalid becaune of radiatyon-
induced length hanges of unknown magnitade
which occurred iy a bakelite specimen holder,
Thene earlier mranurementn id, however, con-
firm the increane 2u length such as in Fag. )



It is worthuhile to consuder the chanye 1n
electriral resistivity from the measured resist-
ance and length changes. If the length changes
are considered Lo be 1sotropic, and thas is a
reasonable assumption for an <morphous material,
then the fructional change 1n cross sectional
area of the sample 1s twice the value ot the

measured fractional lenzth change, AA/A = 2 AL/L.

Thus the fractional change in resistivity,

Ap/p = AR/R + AA/A -_QL/L is gigsn by -3
AR/R + AL/L =5 x 10" +2 x 10 ~ =7 x 10 ~ at
gaturation. This means that the irradiation-
induced increase 1n sample dimensions was
causing the fractional change in resistivity
to be appreciably greater than the observed
tractional change 1n resistance.  For the

Fe, Ni P ,B. alloy the total resistivity
inggeagg }é ?hua 1.7 pil=vm with a pre-irradia-
tion value of 244 pp)-cm. 1In future experi-
ments it will be desarable to make these meas-
urements sinultancously during the same irradi-
ation instead of sequentially as in tins study.

DISCUSSION

By analogy to radiation eftects 1n crystalline
petals, we now consider several different

models for how particle arradiation can be
expected to affect a metallic glass.  Models
can he conveniently clatsitied accoruing to
whether they assume frevlv-moving detects which
are created by the arradiation.  We note that
the concepl af a "detect” needs to be expanded
for metullic glaswes an compared to crvstalline
metals. For example, anstead of the vataney oy
the interstitial atom detect an o orve tal
lattice, once can vonstde an an amot plowas Qate-
rial that there are 1eptons of locally high m
low density which are created by the atomid
displacements during the treabiation. A point-
ed out hy Chai g and Ly, [10] these nop=lacalized
defecta may be mob)le so that they can 1 ause
atomic rearrangement . Also, they can be expect -
ed to putually anmihilate in the same way that
vacancier and anterstitrals do,

Some models that can account for a radiation-
induced 1nciease to saturation in the electryoal
recistivity of an allev are as tollown: (1)
steady rtate annealing Lo sinky of anradiaton
producrd defects with saturation occurring when
the rate of detect lors to rinks equals the
rate of defect production by 1rradiatien, (1)
trradiation~induced atomic ardening created by
molule delectr with saturation accurtiug when
the quasxi=equilibrium state of atomic crdey

s reached, (131) creation of small divepder -
ed regions due to the atome dispiacem nts ol
collimion cascades and saturatyon with tull
averlap of all the regrons,

The experimental study of Audounrd, et al [4)
on lmulmuuslvnvh,‘ i combinatien with the
interpertation ol hen results by Bintoher
and Blewatt [11) 1n usetul an distinpuishing
betwern modelr.  They lound a portion of then
irradiation-1oduced rtesistivaty inrease to
anneal at well below room temperatmie. Thiw
annealing apprared to be the annihilat jon of

siople defects, perhaps anallgouslbo Frenkel
pairs, which wrre created by the “"B(n, a)
reaction due to the large flux of thermal
neutrons [11]. The results of our experiments
do not appear to fit this inle{BrrLation. For
one thing, we do not have the "“B(n.x) reaction
because the thermal neutron flux is estimated
to be extremely low. More importantly, our
result that there is no annealing away of

the Ap or AL/L indicates that these changes

are not due to enhanced concentrations of
mobile defects. Also, since the defects
observed by Andouard, et at annealed out at
relatively low temperaturec (100°K and 200°K),
the defect mobility would be extremely high at
the ambient trmperatures of our experiment &0
that the steady state defect concentration
would be very low. Based uvpon the:e arguments,
we tend to eliminate steady state defect con-
centration models for understanding our results.

It would appear more likely that the property
changes vhich we obeerve are due to either of
the two atomic ordering models, case (ii) or
case (ifli). The former of these, irradiation-
induced atomic ordering, might appear to ex-
plain our results; however, recent quenching
studies on the Frk .\'i,oPMF6 alloy [12] provide
findings which lena to disagrec with this inter-
pretation. 1t was found that when the resist-
ance was monitlored after samples were cooled
over short temperature raneges (~ 20°C), there
was a time dependent decrease in the electrical
resistivity, 4D (quench) = - 0.12 y)-cm. This
decrrase was associated with atomic redarrange=
pents leading to o new state of atumiy urder.
Si1ace vhe tenperature Jdecrease can be cxpeoted
to produce an 1ncrease 1n atomic order, then
the resistivity 1acreanes obscrved with irradia-
tion can only be explained by a decrease 1n the
degree of atomie order. This condlusion 1a

in agreenent with the interpretataon of pre-
viously meationed irradiation experiments
(1-3].

The interpretation that the irradiation pro-
ducer collision cascaden which result in an
ircrease in the structural disorder ot the
alloy appearn tu f1t out experimental results
an well an agree with other studies. Using
the eatimated damage enrrgy cross saection for
BROO MeV protons given by Parkin and Coulter [7)
for our compumition, we estimate 0.12 apa tor
the gaturatjon doae for Fe alog: Maa, at thas
saturdtion done, the average distance hetween
takcades ik extimated at 40 atomic distancen,
Hy analogy 1o tesults an which irradiation
caused dhsordriing 1n crvatalline alloys {14],
this number of ateuic displacements could be
exprited to be nutficient to create a concen-
tration ol dinordered regrons such that there
11 overlap betveen 1egrons and thus saturation
in the resastance increase. It 1s worth men-
tionming that the saturation value tor Ap(1rrad)
It equivalent to that for 4 decreane 1n atomic
arder correspoiding to an tncrease in tempes -
ature of 200°C [12]. This provides an indica-
tion of the extent to which these allaoys are
being disordered hy the jrradiation.



The length increases which were observed are
more difficult tu fit to a mudel for radiation
damage thun those tor resastaivity. The difler-
ent saturation fluences observed for resistavity
and length change may be due eirther to wide
differences (factor of two) which have bren
observed in the behavior of samples of the
same alloy [4] or to the ditierent fluxes
(factor of three) for the two radjations.
Further studies d4re needed to understand

this. The nature of the rudiation may be
related to the length increases. Calculations
of damage due to BOO MeV proutons [5) indicate
the creation of significant amounts of nuclear
transmutation products, particularly hydrogen
and helium. The predicted production rates
yield 50 ppm hydrugen and 3 ppm helium for the
full irrdadiation in Figs. 1 and 2. Probhably
these concentrations are not large enough

to result in agplomeration and the formation
of gas bubbles.

The length increases obhserved in this study
agree qualitatively with those of Chang and

Li [10]) on the same metallic glass but arra-
diated with heavy jons. However, it is diffi-
cult to make a gquantitative comparisoen be=
cause their irradiation resulted 1n a narrow
region of very high damage and very localized
length changes. Their anterpretation for the
length increase was that 1t wvas due to the for-
mation either of voids or of small regions of
excess volume analagous to a vacancy. This
explanation does not, however, provide a mech-
anirm by vhich the saturation of the lengpth
increase occurs, while cur explanation dees.
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